Introduction
In many industrial applications the use of metals subject to corrosion, particularly in the case of steel and aluminum, presents the drawback of causing considerable expenses due to the maintenance or substitution of structures. The adoption of a surface treatment such as hotdip galvanization is a proven and diffused method to prevent the deterioration of the material. Is then important to understand the influence of the presence of the added layer of zinc on the mechanical properties of the base alloy, both in case of static loading and in case of fatigue, where the fracture initiation properties for a notched component can be heavily influenced. A reduction of the fatigue life with increasing zinc layer thickness was evidenced in tests performed on high-strength steel without stress concentration effect [7] . Other tests have, on the contrary, not found a systematic loss in fatigue life as a direct effect of the zinc layer thickness [8] . A wide study on the effect of the coating on the fatigue strength of ferritic steels shaped in un-notched geometries and, performing fatigue predictions on a Kitagawa-Takahashi diagram's based tool, it was found that the zinc layer does not affect the fatigue life up to a thickness of 60 µ [9] . The influence of the coating on the fatigue life has been explored also for the cases of steel wires [10, 11] , different steel alloys with similar static characteristics [12] . All these results were obtained in the case of absence of geometrical stress intensifications, while fewer are present in the case of hot dip galvanized welded steel joints [13] . Further tests on different geometries and sizes are presented in this paper, investigating the influence of the zinc layer on the fatigue life of a welded joint and analyzing the results both in terms of nominal stress range and in terms of mean strain energy density range.
Notes on the Strain Energy Density
According to the volume based energetic criterion [3] , failure occurs when the mean Strain Energy Density W, averaged over a control volume of radius R to be carefully identified and typical to the material, reaches a critical value Wc, which is not a property of the sharpness of the notch, as for the N-SIFs, but depends only on the material properties. This formulation has been then extended to non-zero radius notches and to the prediction of the crack initiation life. Considering valid the William's solution, the mean SED over an area Ω of radius R centered in the notch tip is:
Where λ1 and λ2 are the William's eigenvalues, E the Young's modulus, e1 an e2 functions of the notch's opening angle and of the stress state. The N-SIFs are a function of the stress field, following the laws:
For opening angles greater than 102º, the Mode II stress filed is non-singular and thus the dominant component in the singularity point is that of the Mode I stress field. The mean SED can so be approximated:
In the hypothesis of validity of the Beltrami's failure criterion, Wc=Δσ/2E, an estimate of the radius of the control volume is expressed as:
Important is to note that the formulation of the radius depends on the failure criterion adopted, which might be different according to which one suites better a particular load condition or a material. In practice, for each class of materials (i.e. welded structural steel) the radius is calibrated testing a multitude of different geometries, alloys and load ratios and seeking through iterations the critical radius which yields the minimum scatter. In the case of arc welded structural steel, the radius has been identified and validated as R=0.28 mm, Fig. 1 . 
Fatigue testing
The joints tested consist of two different realizations of cruciform joint, one with load carrying fillet (Geometry 1) and one with non-load carrying fillet (Geometry 2). The specimens have been made of S235 JRG2 structural steel welded with automatic Metal Active Gas process. In case of load carrying fillets, these have been realized in S355J2+N structural steel. A part of the samples has been hot-dip galvanized to a zinc layer thickness in the range between 470 and 500 µm. No further thermal treatment has been executed and the testing has occurred in air at room temperature. Before the testing, all the samples were measured and grinded at the extremities in order to prevent any bending due to the rigid clamping in the testing machine. The tests were performed on a servo hydraulic MTS 647 testing machine using cyclic axial tension loading with nominal load ratio R=0.01. The frequency was set to 10 Hz, lowered to 2 Hz when the displacement passed the value of 1.5 mm and the test continued until failure, when the total number of cycles was registered. The failure criterion adopted is the total tearing of the joint automatically detected by the testing system as a load drop.
Test results
A total of 35 Geometry 1, 30 of which hot-dip galvanized and 15 Geometry 2 joints were tested. The results are summarized in the following plots, showing the S-N bands extrapolated and the confront with the S-N curves suggested by the IIW recommendations [6] . The S-N curves for Geometry 2 have been corrected according to paragraph 3.1. All the failures occurred, as typical for these details, at the weld toe or root. At last, the data have been reanalyzed in terms of mean SED, and all of them fit in the energetic fatigue band for welded structural steel details already available in the literature, regardless of coating, geometry or size. Figure 3 . This specimen is an example of both the failure mechanism for the tested detail, Geometry 1: it failed for initiation at the weld root with propagation through the weld (left and center), while, contemporarily, a second crack initiated and propagated at the weld toe on the other side (right). While the fatigue testing has been executed for a nominal load ratio of R=0.01, the fatigue curves reported by IIW give the nominal strain range for each class of joint in the case of nominal load ratio R=0.5. IIW suggests, in order to account for the residual stresses, not relieved by any treatment after the welding process, to not correct the strain range for R<0.5 in case of thick walled components and in presence of residual stresses. The effect of the thickness is evaluated according to 
Results according to local energetic analysis
The fatigue data have been reanalyzed in function of the mean Strain Energy Density, to verify whether the coated joints fit into the fatigue energetic band proposed for welded structural steels. In order to extract the mean SED over the control volume (surface in a 2D analysis) of radius R, it is necessary to create a FEM model of the joints, represented by an ideal isotropic linear elastic continuum in the nominal dimensions. This means neglecting the imperfections which are present both as deviation from the nominal dimensions and as variability of the material properties from the ideal due to the welding process. All these errors are already considered into the material properties, in order to simplify the assessment. In particular, a quarter of the joint can be modeled with a coarse mesh of planar quadratic elements in plain strain condition, imposing double symmetry boundary. A circular area of radius R is introduced at the critical point, the weld root for Geometry 1 and the weld toe for Geometry 2, on which the mean SED is computed. The results obtained show how the samples tested fall perfectly into the fatigue band for arcwelded structural steels, with no evident decrease in fatigue life due to the hot-dip galvanization process. The method, although requiring the use of a FEM tool, overcomes the uncertainties on the actual stress field typical of the much simpler Nominal Stress approach, as described in the following paragraph.
The dimension effect

For Nominal Stress predictions
According to the recommendations in the IIW document, the thickness of the plates is to be considered in case of crack initiating at the weld toe, for effective thickness greater than 25 mm, which is the reference of the curves provided. The thickness effect is evident confronting the fatigue resistance of the samples Geometry 2 with an analogous non-load carrying geometry realized with plates of 10 mm of thickness [13] instead of 30 mm as for the tests presented in this paper ( Figure 6 ). In order to account to the loss of strength with increasing thickness for Geometry 2, IIW suggests the following exponential relation: Where n=0.3 is the exponent for cruciform joints. The value of the FAT class is then diminished by multiplying for the factor.
SED thickness analysis
This effect can also be easily accounted using the mean SED as parameter for the fatigue assessment and considering the scale effect for the N-SIFs [1] . Considering two geometrically similar joints "a" and "b", of characteristic lengths ta and tb, being the index "i" 1 or 2 according to the loading mode and λi the relevant William's eigenvalue, the correlation between the N-SIFs of the two joints is:
Recalling that the mean SED can be expressed in terms of the N-SIFs and other geometrical parameters as:
And that for an opening angle superior to 102º the, as in the case of the geometry 2, in which the failure occurs at the weld toe with an opening angle of 135º, the Mode II stress field is non-singular and can thus be neglected, the mean SED for the two geometrically similar joints can be expressed as:
After few simple passages and considering the size of the Geometry 2 presented in this paper and the joints presented in [13] : 
This explains how two similar geometries of different size (the Geometry 2 here presented and the non-load carrying geometry in [13] ), show a different fatigue life for the same nominal strain range. In order to double check, considering a nominal stress of 180 MPa for both joints, the FEM analysis provides a mean SED over the critical volume of radius R=0.28 mm around the weld toe equal to 0.2728 and 0.5125 Nmm/mm 3 for the joints made from plates 10 and 30 mm thick respectively. The ratio between the values is 1.88, in good agreement with the analytical approximation presented.
Conclusions
The fatigue strength of hot-dip galvanized and uncoated load carrying and non-load carrying cruciform MAG welded structural steel joints has been tested to understand the influence of the zinc layer on the fatigue life of a welded detail in presence of stress intensification. The resistance shown by Geometry 2 samples evidences how the thickness of the plates forming the joint is an important parameter to be taken into account in the assessment, even though this might, for certain details, be not reported in manuals for the fatigue resistance evaluation with the nominal stress. The use of the mean Strain Energy Density for the fatigue assessment allows to overcome this problem and to provide a valid estimate for every geometry, dimension and opening angle. The use of the energetic method could be simplified in order to skip the FEM analysis every time a detail is to be verified for fatigue life creating a database of mean SED for each detail for unit stress and for a set arbitrary dimension. The value of energy can then be computed easily recalling that the ratio of the SED for two identical components is equal to the square of the ratio between the nominal stresses and recalling the correlation between the SED for two proportionally scaled components.
Although the results of the particular tests presented in this work show that there is no significant negative influence of the coating on the fatigue performance of the tested details, it should be pointed out that the geometry tested both in coated and uncoated conditions is the load-carrying, in which the weak point is the crack due to the not complete penetration of the weld and where the coating is not present. On the contrary, in a precedent work on a similar, but non-load carrying geometry, a slight reduction in the fatigue properties had occurred due to the presence of the zinc layer. The conclusion is then that this reduction is present and should be considered if the affected zone is already the weak spot for the analyzed detail, while is not strong enough to alter the failure dynamics if the catastrophic crack is typically initiated in a point where the coating is not present.
